A series of new 3-(5-alkoxy-2,4-dihalophenyl)-5-alkylidene-l,3-imidazolidine-2,4-dione derivatives was synthesized and their herbicidal activities against various weeds were examined. The herbicidal activities varied with the substituents on the benzene ring and the compounds having a 5-alkynyloxy-4-chloro-2-fluorophenyl group exhibited relatively higher herbicidal activities. In the case of monocyclic Imidazolidinedione derivatives, introduction of an isopropylidene group at the 5-position and a lower alkyl group at the 1-position of the imidazolidinedione ring was most effective in enhancing the activity. In the case of bicyclic imidazolidinedione derivatives, 5,6-dihydroimidazo [1,5-a] pyridine derivatives gave a higher selectivity than tetrahydroimidazo [1,5-a] pyridine derivatives, therefore, it was thought that the presence of a double bond was important for the crop safety. Among the compounds synthesized, a bicyclic imidazolidinedione compound, 2-(4-chloro-2-fluoro-5-propargyloxyphenyl)-5,6-dihydroimidazo [1,5-a] pyridine-l,3 [2H,7H]-dione is considered to be the most promising candidate as a corn herbicide.
INTRODUCTION
Various cyclic imide-type herbicides consist of a benzene ring and a hetero ring, for examples, tetrahydrophthalimide derivatives') have been known to be a new class of highly active inhibitors of protoporphyrinogen-IX oxidase (Protox) and effective on controlling a kind of grass and various broadleaf weeds at low rates.2,3) Structure-activity relationships (SAR) of these herbicides have been studied in details, and the potently active compounds are generally known to have two halogen atoms at the 2-and 4-positions and a variety of substituents at the 5-position of the benzene ring. [4] [5] [6] On the way of our studies on the development of new cyclic imide-type herbicides, we have reported that 3-(5-alkoxy-2,4-dihalophenyl)-1,3-oxazolidine-2,4-dione derivatives bearing an isopropylidene group at the 5-position of oxazolidine ring exhibit good herbicidal activities and their mode of action is similar to that of other cyclic imide-type herbicides.7) As a result of our subsequent investigations, 3-(5-alkoxy-2,4-dihalophenyl)-5-alkyliden-l,3-imidazolidine-2,4-dione and 2-(5-alkoxy-2,4-dihalophenyl)-5,6-dihydroimidazo [ 1,5-a] pyridine-1,3[2H,7H]-dione derivatives were found to exhibit potent activities (Fig. 1) . [8] [9] [10] [11] [12] Although several monocyclic and bicyclic 3-arylimidazolidinedione derivatives have been already known, 13, 14) no derivatives having an alkylidene moiety at the 5-position of the monocyclic imidazolidine ring or a double bond at the bridge-head position of the bicyclic imidazolidine ring have been reported.
In order to obtain compounds with higher herbicidal activities and crop safety, a series of new imidazolidinedione derivatives was synthesized and their herbicidal activities were evaluated. In this paper, we describe the synthesis of these compounds and their herbicidal activities and discuss the structure-activity relationships with respect to the substituent effects.
MATERIALS AND METHODS

Instrumental Analysis
Chemical structures were confirmed by 1H NMR and IR spectra. 1H NMR spectra were recorded on Bruker AM-400 NMR, DPX-250 NMR or EM-390 NMR To whom correspondence should be addressed.
spectrometer with tetramethylsilane (TMS) as an internal standard. IR spectra were recorded on Jasco A-202 or Shimadzu FT/IR-4200 spectrometer. Melting points were determined on Yanagimoto or Bi hi micromelting point apparatus and uncorrected.
Synthesis of Compounds
The typical synthetic procedures applied to obtain 3-(5-alkoxy-2,4-dihalophenyl)-5-alkylidene-l,3-imidazolidine-2,4-dione derivatives (ix) and 2-(5-alkoxy- Fig. 2 and Fig. 3 , respectively. The key intermediates (iv) for the synthesis of 3-(5-alkoxy-2,4-dihalophenyl)-5-alkylidene-l,3-imidazolidine-2,4-dione derivatives (ix) were prepared by condensation of 5-alkoxycarbonyloxy-2,4-dihalophenylureas (i) with a-ketoesters (ii) followed by intramolecular amidation. Introduction of various substituents to an oxygen atom at the 5-position of the benzene ring and a nitrogen atom at the 1-position of the imidazolidine ring was carried out by the synthetic routes A and B. In Route-A, N-alkylation of the key intermediates (iv) yielded the compound v at first and the subsequent hydrolysis of the carbonate bond and o-alkylation gave the desired compounds ix. In Route-B, the hydrolysis of carbonate bond of iv was performed to afford phenol derivatives vii at first step and final products ix were prepared by regioselective p-alkylation and subsequent N-alkylation. 5-Alkoxycarbonyloxy-2,4-dihalophenylureas (i) used as starting materials were obtained by the reaction of 5-alkoxycarbonyloxy-2,4-dihalophenyl isocyanates (x) with ammonia gas according to the methods reported elsewhere.l2>
On the other hand, the skeleton of bicyclic imidazolidinedione derivatives (xiv) was constructed by reaction of 5-alkoxycarbonyloxy-2,4-dihalophenyl isocyanates (x) with 2,3-dehydropipecolic acid derivatives (xii). Hydrolysis of the intermediates (xiv) afforded phenol derivatives xv and the subsequent oalkylation gave the desired compounds xvi. Typical synthetic procedures are described as follows.
A benzene (10 ml) solution of 4-chloro-2-fluoro-5-methoxycarbonyloxyphenylurea (100 mg, 0.38 mmol), methyl 2-oxo-3-methylbutanate (70 mg, 0.54 mmol) and p-toluenesulfonic acid (7.2 mg, 0.038 mmol) was stirred under reflux for 4 hours. The reaction mixture was allowed to be cooled and the resulting solid was filtered off. The filtrate was then concentrated under reduced pressure and the residue was recrystallized from ether/ pentane to give 71 mg (50.0%) of N-(4-chloro-2-fluoro-5- 12 mol) and methyl iodide (15 ml, 0.24 mol) was stirred at 40°C for 4 hours. The reaction mixture was quenched by saturated ammonium chloride aqueous solution (400 ml) and then extracted with ether (100 ml X 3). The organic layers combined were washed with water (50 ml X 3), dried over anhydrous magnesium sulfate and concentrated under reduced pressure to give 6. To a benzene (60 ml) solution of ethyl pipecolinate (7.81 ml, 0.05 mol) was added a benzene (23 ml) solution of tert-butyl hypochlorite (6.45 ml, 0.06 mol) at 0C and stirred for one hour. After addition of triethylamine (8.36 ml, 0.06 mol), the mixture was stirred for one hour at room temperature and for further 7 hours at 50C. The resulting mixture was filtered and the filtrate was concentrated under reduced pressure. and triethyamine (1.05 ml, 7.5 mmol) at 0C. The mixture was stirred at 0°C for 30 minutes and at 80C for 3 hours. To the resulting mixture was added saturated ammonium chloride solution (50 ml), and the organic layer was separated and then aqueous layer was extracted with diethy ether (50 ml X 2). The organic layers combined were washed with brine (30 ml), dried over anhydrous magnesium sulfate and concentrated under reduced pressure. The residue was purified by silica gel column chromatography (ethyl acetate/hexane =1/1) to obtain 3. 07 mmol) and propargyl bromide (0.27 ml, 3.04 mmol) was stirred under reflux for 4.5 hours. The reaction mixture was quenched by saturated ammonium chloride solution (15 ml) and then extracted with diethyl ether (15 ml X 3). The organic layers combined were washed with brine (20 ml), dried over anhydrous magnesium sulfate and concentrated under reduced pressure. The residue was purified by silica gel column chromatography (ethyl acetate/hexane=l/2) to obtain 0.50 g (56.6%) of 2- Tables 1 and 2 , respectively.
Evaluation of Herbicidal Activity 3.1 Pre-emergence application under flooded condition
A plastic pot (30 cm2) was filled with Clay loam soil (clay: 24.9%, total carbon: 1.8%, pH: 5.3) and the soil was puddled after addition of fertilizer. The soil containing seeds of Monochoria vaginalis (Mv) was spread onto the pot and then seeds of Echinochloa oryzicola (Eo) or Echinochloa crus-galli (Ec) were sown. After transplanting rice seedlings at 2-leaf stage (Oryza sativa (Os), cv. Koshihikari), the pot was maintained under a flooded condition at 2 cm depth of water.
Each test compound was dissolved in a mixture of dimethyl sulfoxide (1.0 ml) and 1,3-dimethyl-2-imidazolidinone (0.1 ml), and the solution was diluted with water containing an emulsifier (Sorpol 2564) to give an aqueous emulsion. The final concentration of Sorpol was 0.02%. Such emulsion was gently added to the water surface at a prescribed rate just after transplanting the rice seedlings (pre-emergence application; +0). Fourteen days after the treatment, the weed control and rice injury were evaluated by a visual rating scale of 0 (no weed control or crop injury) to 10 (complete kill of weed or crop), and the results obtained by two replications were shown in Tables 3 to 5 . Table 1 Physical and spectral properties of 1-alkyl-3-(5-alkoxy-4-chloro-2-fluorophenyl)-5-isopropylidene-1,3-imidazolidine-2,4-diones.
3.2 Pre-emergence application under upland soil condition A rectangle plastic pot (60 cm2) was filled with Gardening soil (Kureha Chemical Co.), and seeds of Echinochloa crus-galli (Ec), Digitaria ciliaris (Dc), Amaranthus viridis (Av), Chenopodium album (Ca), and Zea mays (Zm) were sown on the surface and covered with spreading a small amount of the same soil. The emulsion of each test compound prepared as described above was diluted and uniformly sprayed over the soil surface at a prescribed rate. Fourteen days after the treatment, the weed control and corn injury were visually evaluated by the same rating scale described above. The results obtained by two replications were shown in Tables 3, 5  and 6. RESULTS AND DISCUSSION
Synthesis
Our initial synthetic approaches to the targeted monocyclic imidazolidinedione derivatives having an alkylidene group at the 5-position were the condensation of 3-aryl-l,3-imidazolidine-2,4-dione derivatives unsubstituted at the 5-position with aldehydes or ketones, and addition-cyclization of dehydroamino acids with aryl isocyanate derivatives. These approaches, however, were found to be not appropriate because the first method was limited by the number of available carbonyl compounds and the second required the troublesome preparation of N-free dehydroamino acids. Through our subsequent synthetic studies to successfully obtain desired 3-arylimidazolidinedione derivatives (iv) having a double bond at the 5-position, we found that introduction of double bond was readily achieved by the condensation of N-arylurea derivatives (i) with a-ketoesters (ii) in the presence of p-toluenesulfonic acid and subsequent intramolecular amidation under the acidic 81 0) On the other hand, the synthesis of bicyclic imidazolidinedione derivatives (xiv) having the double bond at the bridge-head position has not been known while several derivatives without the double bondl4> or with the double bond at the difference position have been reported. 16 In this present paper, new bicyclic imidazolidinedione derivatives (xv) with a double bond at the designed position were synthesized by the reaction of aryl isocyanates (x) with cyclic dehydroamino acid esters (xii) in good yields.8"12> Dehydroamino acid esters (xii) were prepared by N-chlorination of pipecolinates (X=CH2) or morpholine-3-carboxylic esters (X = 0) (xi), and subsequent elimination of hydrogen chloride with a base according to the Schmidt's method.15> In this case, pipecolinates (X = CH2) were commercially available and morpholine-3-carboxylic esters (X = 0) were prepared according to the known procedure.l7> In the reaction of aryl isocyanates with xii, arylurea intermediates (xiii) could not be isolated even when the reaction was carried out at a low temperature, indicating that the cyclization proceeded quickly.
Herbicidal Activity and Crop Safety
Several SAR studies on other cyclic-imide type compounds such as tetrahydrophthalimides,5 triazolinones6 and oxazolidinedione,7 suggested that the introduction Table 2 Physical and spectral properties of 2-(5-alkoxy-4-chloro-2-fluorophenyl)-5,6-dihydroimidazo [1,5- 
of two halogen atoms at the 2-and 4-positions and the various substituents such as an alkoxy, alkylthio or alkoxycarbonylmethoxy group at the 5-position enhances herbicidal activities. Therefore, we attempted to investigate the substituent effects on the herbicidal activities of imidazolidinedione derivatives by fixing the 5-alkoxy-4-chloro-2-fluorophenyl group as a substituent at the 3-position of the imidazolidinedione ring.
The pre-emergence herbicidal activities and crop injuries of the 6 representative 3-(5-alkoxy-4-chloro-2-fluorophenyl)-5-isopropylidenel -methyl-1, 3-imidazolidine-2,4-dione under paddy and upland conditions in a greenhouse are summarized in Table 3 . In both cases, compounds 1 and 2 with an alkyloxy group at the 5-position of the benzene ring showed low herbicidal activities against several weeds tested except for Mv, while compounds 3, 5 and 10 having an alkenyloxy or alkynyloxy group exhibited excellent activities against all the weeds tested. In particular, compound 5 bearing a propargyloxy group showed the highest herbicidal activity among the compounds tested and had an excellent selectivity between the weeds and crops used. The replacement of the oxygen atom (Y) of compound 5 with a sulfur atom (compound 9) resulted in a decreased herbicidal activity.
Then, we modified the substituent on the nitrogen atom at the 1-position in the heterocyclic moiety for the compounds carrying a 4-chloro-2-fluoro-5-propargyloxyphenyl group, because this combination of substituents was found to be the most effective in enhancing herbicidal activity in the present imidazolidine series as described above. Table 4 shows the pre-emergence herbicidal activities and crop injuries of 3-(4-chloro-2-fluoro-5-propargyloxyphenyl)-5-isopropylidene-l,3-imidazolidine-2,4-dione derivatives having various substituents on the nitrogen atom at the 1-position under the paddy conditions in a greenhouse. Among these compounds, the methyl (5) and ethyl derivatives (6) exhibited strong activity. However, the unsubstituted (4) and propyl derivatives (7) showed week activities, and hexyl derivative (8) was inactive. In conclusion, it is confirmed that the herbicidal activity reaches the maximum by the introduction of a methyl group and gradually decreases with the elongated carbon chain.
Herbicidal activity of the bicyclic imidazolidinedione derivatives was observed to be comparably higher than that of the monocyclic ones. In order to elucidate the effect of substituents at the 5 position of the benzene ring on the herbicidal activity, a series of 2-(5-alkoxy-4-
was synthesized and evaluated under the given conditions. Furthermore, to clarify the influence of the fused ring system, 3-aryldihydroimidazoxazine derivatives (16) (17) (18) (19) (20) , which were fused with a dihydromorpholine ring, were synthesized and evaluated for their herbicidal activities.
Herbicidal activities of representative bicyclic imidazolidinedione derivatives with pre-emergence application under paddy and upland conditions are summarized in Table 5 . In the case of paddy soil application, cyclopentyloxy (12 and 17), propargyloxy (14) and 1-butyn-3-yloxy derivatives (15 and 20) exhibited excellent herbicidal activities even at a low dosage of 10 g a.i./ha. Herbicidal activities of dihydroimidazoxazine derivatives (16) (17) (18) (19) (20) were lower than those of the corresponding dihydroimidazopyridine derivatives (11) (12) (13) (14) (15) . Under the upland conditions, almost all the compounds exhibited good herbicidal activities against all the weed tested. The imidazoxazine derivatives, however, in particular Table 3 Herbicidal activity of 3-(5-alkoxy-4-chloro-2-fluorophenyl)-5-isopropylidene-l-methyl-l,3-imidazolizine-2,4-diones with pre-emergence application under paddy and upland conditions. allyloxy (18) and propargyloxy derivatives (19) showed a severe crop injury against Zm. Among the bicyclic imidazolidinedione derivatives examined, dihydroimidazopyridine derivatives (14 and 15) having the alkynyloxy group are considered to be the most promising compounds for practical uses as in the case of monocyclic imidazolidinedione derivatives.
To evaluate the effect of double bond at the bridge head position in the bicyclic imidazolidinedione derivatives on the herbicidal activity and crop selectivity, a tetrahydroimidazopyridine derivative (21)14) was synthesized and its biological activities were compared with those of the corresponding dihydroimidazopyridine derivative (15) . As shown in Table 6 , the dihydro derivative (15) exhibited a slightly lower herbicidal activity than tetrahydro derivative (21), but showed a much higher crop safety than 21 against Zm. These results suggest that the double bond at the bridge head position plays an important role in improving good crop safety.
In conclusion, the present studies demonstrated that, among the compounds synthesized, 3-(4-chloro-2-fluoro-5-propargyloxyphenyl)-5-isopropylidene-1-methyl-1, 3-imidazolidine-2,4-dione (5) (14) as a bicyclic imidazolidinedione showed the highest herbicidal activity against all the weeds tested (Eo, Mv, Ec, Ca and Dc) as well as a good crop safety against Os and Zm. In particular, considering its excellent herbicidal activity and crop safety, the latter compound can be chosen as a candidate to be developed for a possible corn herbicide in future. The detailed studies on the biological effects are now under way.
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